The purposes of this study are to develop a technique of numerically simulating the hardness of a FC250 gray cast iron brake disc casting and verified by experimental measurements. As the numerical model is proven reliable, numerical experimentation is then conducted to homogenize the hardness distribution of a brake disc to obtain better casting quality. The Oldfield's model was adopted to simulate the nucleation and grain growth during solidification of the casting. A calibration brake disc casting was first made. By comparing the hardness of the calibration brake disc casting with the simulated results using different nucleation and growth coefficients ðA e ; B e Þ in Oldfield's model, the most appropriate set of values for A e and B e was obtained. Then, this set of values was applied to the hardness simulation of a test brake disc casting and confirmed by experimental measurements. Through this approach, a set of nucleation and growth coefficients was obtained for the brake disc casting. Subsequently, numerical simulations were conducted for the brake disc casting with different shake-out times to evaluate its distribution of hardness and an optimized shake-out time was then proposed based on the simulated results. The predictions of hardness were validated by comparison with experimental measurements and actual track testing.
Introduction
The braking system of most modern cars is based on brake discs, which uses gray cast iron brake discs as the braking surfaces. The metallurgical properties of the gray cast iron determine the strength, noise, wear and braking characteristics of the brake discs. If a brake disc is too soft, it will wear rapidly. On the contrary, if a brake disc is too hard, it is more likely to crack. In addition, if hardness is uneven, a brake disc will wear unevenly, which then causes a brake judder. It can also be accompanied by a shuddering or jerky stop during normal braking. This creates a multi-million dollar warranty problem every year for car manufacturers. To homogenize the hardness of the brake disc casting, proper control of shake-out time is of great importance, where shake-out time is defined as the time interval after the casting is filled and before it is shaken out of the mold.
Gray cast iron is hypoeutectic and therefore begins to solidify by precipitation of primary austenite from the melt. Once eutectic temperature is reached, nucleation of austenitegraphite eutectic cells will occur on or near the primary dendrites and growth of nuclei leads the heat to be extracted and the undercooling increases. Finally, the latent heat released by solidification causes the temperature to rise. After the end of nucleation, solidification process only takes place from growth of existing particles.
The mechanical properties of brake disc casting are function of composition and microstructure. Bates et al. determined that the ultimate tensile strength in gray cast iron can be modeled using a Griffith's fracture criterion:
where ' f is the ultimate tensile strength, c max is the maximum graphite flake length, E is the Young's modulus and is the energy required to produce a new surface. The graphite flakes in gray cast iron grow outward in a radial pattern from the eutectic cell center into the remaining eutectic liquid. It is assumed that the graphite flake does not cross the eutectic cell boundary, the maximum possible graphite flake length would be the largest eutectic cell diameter. Therefore, Brinell hardness (HB) was determined using the following equation:
2)
where CE is the carbon equivalent. It was very important that a more even hardness distribution favored a better optimal use of the material as well as better machinability. Several studies have been conducted on the numerical simulations of hardness. Svensson et al. modeled mold filling, solidification process and Brinell hardness of a ductile iron casting.
3) It was found that the silicon gave a more even hardness in the casting. The hardness range was expected to be somewhat higher than the castings without copper. Goettsch et al. modeled the temperature field and Brinell hardness for a gray cast iron casting of six cylinders of different diameters.
2) Xue et al. used an engineering software to model the Vickers hardness of a Nibased superalloy gas turbine blade casting. 4) They found that with the decrease in pouring temperature, Vickers hardness increased. But with the increase of preheated mold temperature, the Vickers hardness decreased. Yoo et al. modeled Brinell hardness of a ductile cast iron casting in as-cast conditions by using the rule of mixture since Brinell hardness of a ductile iron casting is mainly affected by the volume fraction of ferrite and pearlite in the matrix. 5) Catalian et al. modeled Brinell hardness of multiple gray cast iron cylinder bar castings having carbon equivalents of 3.8% and 4.1%. 6) In the present study, a numerical model for the hardness prediction of a FC250 gray cast iron brake disc casting is presented. The technique is to employ the Oldfield's model, obtain the appropriate solidification parameters through a calibration brake disc casting, and conduct numerical experimentation to find the optimal design to homogenize the hardness distribution of a brake disc casting. A set of nucleation and growth coefficients; A e and B e were first obtained by comparing the simulated hardness values with the experimental measurements of the calibration brake disc casting. Then, this set of values was applied to the hardness simulation of a test brake disc casting. The simulated hardness values were compared with the experimental measurements to validate the reliability of the numerical model. Subsequently, numerical simulations were conducted for the brake disc casting with different shake-out times to observe distribution of hardness and the optimized shake-out time was then proposed based on the simulated results. The predictions of hardness were then validated by comparisons with experimental measurements and actual track testing.
Numerical Model
In order to predict the hardness distribution, the algorithm for eutectic grains nucleation proposed by Oldfield was adopted to simulate the nucleation and grains growth of FC250 gray cast iron brake disc casting. Numerical simulation of hardness distribution was coupled with thermal analysis. A diagram of the brake disc is shown in Fig. 1 . The simulation system is based on the finite element method (FEM). The whole physical system, which includes the casting, running system and gating system, was subdivided into tetrahedral elements. The disc casting cavity included an upper disc casting cavity located at the cope flask and a lower disc casting cavity located at the drag flask. The two cavities are separated by a middle plate core. FC250 gray cast iron was selected as the casting alloy. The pouring temperature was 1723 K and the pouring time was around 12 s. The ambient temperature surrounding the casting was around 313 K. The shake-out times were 1800 and 7200 s and are referred to as the calibration brake disc casting case and test brake disc casting case in this paper. The simulation started with a coupled fluid flow and heat transfer analysis for the filling of casting. Then, a thermal analysis with phase change was conducted to simulate the solidification and cooling phenomena. Hardness distribution is calculated only after the thermal calculation converges and thus it is calculated only once per timestep. The latent heat release for the energy conservation calculation is based on the solid fraction change between the last timestep (t-dt) and the step before the last one (t-2dt). Figure 2 shows the enmeshed solid model of a brake disc casting. The length, height and depth of the simulated system are 0.7, 0.6 and 0.484 m, respectively. Related thermal and physical properties data as well as the FEM parameters are displayed in Table 1 .
As for Oldfield's model, 7) the number of nuclei is a power law of the undercooling. The growth of the grains is controlled by thermal undercooling at the solid/liquid interface. Solutal undercooling is neglected here since solute diffusion during eutectic solidification is negligible. The thermal undercooling is given by the difference between the eutectic temperature and the actual solid/liquid interface temperature. Bulk heterogeneous nucleation occurs at foreign sites which are already present within melt or intentionally added to the melt by inoculation. Oldfield used experimental data to relate the eutectic cell density with the undercooling by the following equation;
where N eut is the eutectic cell density, A e is the nucleation coefficient, ÁT is the undercooling and n is a constant which depends on the effectiveness of inoculation. In this study, n ¼ 2 was adopted. Differentiation of the above equation yields an expression for the nucleation rate as follows:
Oldfield also studied the growth kinetics in Fe-C eutectics. The growth rate was correlated with interfacial undercooling as shown in the following equation;
where R eut is the radius of spherical particles and B e is the growth coefficient. A e and B e are then the nucleation and growth coefficients respectively which depend on the composition of the alloy. After solidification is complete, further cooling reaches the eutectoid temperature. The eutectoid reaction leads to the decomposition of austenite into ferrite and graphite for the case of stable eutectoid and to pearlite for metastable eutectoid transformation. Normally, the metastable eutectoid temperature is lower than the stable eutectoid temperature. Slower cooling rates result in more stable eutectoid structure. If the transformation of austenite is not complete when the metastable eutectoid temperature is reached, then nucleation and growth of pearlite takes place. Pearlite forms and grows in competition with ferrite. The Avrami equation is used to calculate the fraction of pearlite formed:
where f pe is the pearlite fraction, t is the transition time and exponent of time, nðTÞ, is a function of the temperature, T. Rate constant, CðTÞ, is the shape equation of the TTT curve, which can be described by the following equation:
where a, b and c are coefficients. For a given material, these coefficients can be determined experimentally. As mentioned in eq. (3), hardness can be calculated when ultimate tensile strength is known. The ultimate tensile strength is shown to be related to cell diameter in eq. (1). In order to find out cell diameter, A e and B e must be determined as shown by eqs. (4) and (6) . As a result, values of A e and B e were needed for calculating hardness. The computational cycle is shown in Fig. 3 .
Experimental Method
The simulation results need to be verified by experimental measurements for the numerical model to become a design tool. Figure 4 shows a schematic diagram of the Brinell hardness test. Brinell hardness test was made according to the ASTM E10 standard test method in this study. The Brinell hardness test used a desk top machine to press a 0.01 m diameter, hardened steel ball into the surface of the test specimen. The machine applied a load of 3000 kg load for 10 s. After the impression was made, a measurement of the diameter of the resulting round impression was taken. The Brinell hardness was calculated according to the following equation: where F is the applied load, D is the diameter of the spherical indenter and d is the diameter of the indentation. Figure 5 shows the eight hardness measured positions of the brake disc casting. Positions (a) to (h) are 0.01 m from the outer edge of the brake disc. Track testing was also introduced to evaluate the extent of brake judder. Track testing is conducted on elliptoidlike high-speed runway. First, testing car is accelerated to 5.56 m/s on the straight line area of the elliptoid-like highspeed runway. The speed is kept for a period of time and then decelerated to stop on the straight line area in the other side of the elliptoid-like high-speed runway with four different deceleration values: 1 m/s 2 , 2 m/s 2 , 3 m/s 2 , and 4 m/s 2 . Experiments for each deceleration value are repeated three times. The total track testing distance is around 1:5 Â 10 7 m. During the test, the brake discs are judged by the extent of brake judder on whether they fit to pass track testing or not. The judgement for passing the track testing or not is evaluated and determined by well-trained test driver.
Results and Discussion
The approach developed in this study was to employ the Oldfield's model in conjunction with a calibration brake disc casting to simulate the hardness distribution of a FC250 gray cast iron sand casting. A set of nucleation and growth coefficients; A e and B e were first obtained by comparing the simulated hardness with the experimentally measured one of the calibration brake disc casting. The values can then be utilized to simulate the hardness of FC250 gray cast iron casting under any other design and operating conditions. Then, this set of values was applied to simulate the hardness of a test brake disc casting and compared with experimental measurements to validate the reliability of the numerical model. The results of the different shake-out time designs were again evaluated by with the numerical simulations as well as the actual track test results.
Acquisition of the appropriate nucleation and
growth coefficients Oldfield's model had been adopted to simulate grain structure by several researchers and various values of A e and B e had been reported as shown in Table 2 . Based on the Oldfield's model and related references, it was found that for FC250 gray cast iron, A e ranges between 10 5 and 10 7 m À3 K À2 and B e ranges between 10 À8 and 10 À5 m/sK 2 . This study used a calibration brake disc casting to find the appropriate values of A e and B e within this range. Figure 6 show the grain radius profiles simulated with A e ¼ 10 5 m À3 K À2 and B e ¼ 10 À8 m/sK 2 for the calibration brake disc casting where the shake-out time was 1800 s. It can be seen from Figs. 6(a) and 6(b) that grain radius of both upper and lower discs are around 3:90 Â 10 À4 to 6:40 Â 10 À4 m. Figure 7 demonstrates the hardness profiles simulated with the above conditions for the calibration brake disc casting. Figure 7 (a) represents the hardness profiles of the upper disc casting and Fig. 7(b) represents those of the lower disc casting. It should be noted that the lower disc casting is actually presented upside down to the actual arrangement. It can be seen from Figs. 7(a) and 7(b) that hardness values of both upper and lower discs are around 173 to 192 HB. Table 3 shows the experimental measurements of hardness for the calibration brake disc casting. It can be seen from Table 3 that the measured Brinell hardness values of the calibration brake disc casting are 206 to 220 HB. By comparing with the above simulated hardness, it was found that the simulated hardness is smaller than that of the experimental result. In order to resemble the experimental result, hardness values need to be increased. It implies that the grain radius should be decreased. From eq. (4), it shows that eutectic cell density is proportitional to A e . As a result, it can be anticipated that when the value of A e increases, the eutectic cell density increases, and the grain radius decreases. Then, 10 7 m À3 K À2 was reassigned as the value of A e as the higher end of the A e range (between 10 5 and 10 7 m À3 K À2 ) was chosen while the value of B e is fixed at 10 À8 m/sK 2 . Figure 8 show the grain radius profiles simulated with A e ¼ 10 7 m À3 K À2 and B e ¼ 10 À8 m/sK 2 for the calibration brake disc casting where the shake-out time was 1800 s. It can be seen from Figs. 8(a) and 8(b) that grain radius of both upper and lower discs are around 1:65 Â 10 À4 to 2:59 Â 10 À4 m, which is smaller than that in the Fig. 6 . Figure 9 demonstrates the hardness profiles simulated with A e ¼ 10 7 m À3 K À2 and B e ¼ 10 À8 m/sK 2 for the calibration brake disc casting. Figure 9 (a) represents the hardness profiles of the upper disc casting and Fig. 9(b) represents those of the lower disc casting. It can be seen from Figs. 9(a) and 9(b) that hardness values of both upper and lower discs are around 202 to 212 HB, which are higher than those in Fig. 7 From eq. (6), it can be seen that the rate of grain growth is proportitional to B e . As a result, it can be anticipated that when the value of B e increases, the grain radius increases, and the hardness values decrease. From the literature, it was found that B e ranges between 10 À8 and 10 À5 m/sK 2 . To evaluate the effects of B e on hardness values, the value of B e is reassigned as 10 À5 m/sK 2 and the value of A e is fixed at 10 7 m À3 K À2 . Figure 10 show the grain radius profiles simulated with A e ¼ 10 7 m À3 K À2 and B e ¼ 10 À5 m/sK 2 for the calibration brake disc casting. It can be seen from Figs. 10(a) and 10(b) that grain radius of both upper and lower discs are around 5:00 Â 10 À4 to 1:23 Â 10 À3 m, which is larger than that of Fig. 8 . Hardness profiles simulated with A e ¼ 10 7 m À3 K
À2
and B e ¼ 10 À5 m/sK 2 for the calibration brake disc casting are illustrated in Fig. 11 . Figure 11(a) represents the hardness profiles of the upper disc casting and Fig. 11(b) represents those of the lower disc casting. From Fig. 11 , it reveals that hardness of both upper and lower discs are around 165 to 185 HB, which is smaller than that of Fig. 9 . It implies that the appropriate set of orders for A e and B e are 10 7 m À3 K À2 and 10 À8 m/sK 2 , respectively. To resemble the measured hardness even more closely, small adjustments were attempted on the values of A e and B e . Figure 12 show the grain radius profiles simulated with A e ¼ 5:34 Â 10 7 m À3 K À2 and B e ¼ 3:91 Â 10 À8 m/sK 2 for the calibration brake disc casting. It can be seen from Figs. 12(a) and 12(b) that grain radius of both upper and lower discs are around 9:00 Â 10 À5 to 2:50 Â 10 À4 m. The By comparing with the simulated hardness as shown in Table 4 , it was found that the optimum nucleation and growth coefficients; A e and B e for the particular alloy used were 5:34 Â 10 7 m À3 K À2 and 3:91 Â 10 À8 m/sK 2 , respectively. Through continuous repetitive trials on finding appropriate nucleation and growth coefficients, it is discovered that although smaller order of the growth coefficient (B e ) would lead to fine grains to increase the hardness, small order of the nucleation coefficient (A e ) also results in less cell numbers to reduce the overall fine-grained strengthening effect, as shown in Fig. 7 . Larger order of the nucleation coefficient (A e ) causes more cell numbers while larger order of the growth coefficient (B e ) coarsens the grains to reduce the hardness, as shown in Fig. 11 . Figure 14 show the grain radius profiles simulated with A e ¼ 5:34 Â 10 7 m À3 K À2 and B e ¼ 3:91 Â 10 À8 m/sK 2 for the test brake disc casting where the shake-out time is 7200 s. It can be seen that grain radius of both upper and lower discs are around 8:78 Â 10 À3 to 9:56 Â 10 À3 m. The actual average grain size is around 9:30 Â 10 À3 m. From Fig. 14 , it can be observed that the grain radius is larger as compared to that shown in Fig. 12 . Figure 15 illustrates the hardness profiles simulated with the optimal nucleation and growth coefficients obtained from the above section; A e ¼ 5:34 Â 10 7 m À3 K À2 and B e ¼ 3:91 Â 10 À8 m/sK 2 for the test brake disc casting. Table 5 shows the simulation and experimental results of hardness for the test brake disc casting. Good consistency between numerical and experimental results can be observed which indicates the reliability and accuracy of the numerical model. From Fig. 15 , it can be seen that the hardness of the test brake disc casting is smaller than that shown in Fig. 13 . It may be due to the difference between shake-out time; 1800 s for the calibration brake disc casting and 7200 s for the test brake disc casting. It means cooling rate of the calibration brake disc casting is faster than that of the test brake disc casting, which leads to finer grains as shown in Figs. 12 and 14. It can also be found that the grain radius distribution of the test brake disc are more uniform over the whole brake discs than that of the calibration casting. Although the hardness distribution in Fig. 15 shows that different hardness ranges appear near the outer and inner edges of the test brake disc casting. However, they are beyond the wear areas of the actual brake discs, which are between 0.008 m from the outer edge and 0.006 m from the inner edge. As a result, the hardness distribution of the test brake disc castings are more even over the whole brake discs than the calibration case. This implies that the design of the test brake disc casting case is better and a better shake-out time design is 7200 s.
Simulation of the test brake disc casting and its experimental verification
In actual track testing, the calibration brake disc casting failed to pass the test while the test brake disc casting passed. This proves that the 7200 s shake-out time case is a better design for the casting process.
Conclusion
A feasible approach has been developed in this study to employ the Oldfield's model to simulate the hardness of FC250 gray cast iron castings. An appropriate set of nucleation and growth coefficients; A e and B e , were obtained by comparing the simulated hardness values with the experimental measurements of a calibration brake disc casting. Subsequently, this set of values was applied to the hardness simulation of a test brake disc casting. The predictions of hardness were validated by comparison with experimental measurements. Efforts were also made to evaluate the effects of shake-out time on the distribution of hardness and an appropriate shake-out time was then proposed based on the simulated results. From those results, the following conclusions can be made: À8 m/sK 2 for A e and B e , respectively. (2) A good correlation has been found between the hardness of the actual FC250 gray cast iron brake disc casting and the simulated one using the proposed approach. (3) 7200 s is a better shake-out time design for the brake disc casting.
